The physicochemical characteristics of chitosan differ with the preparation conditions. Thus, it is necessary to control the different parameters which influence the N-deacetylation reaction so as to produce chitosan with the characteristics required by its final applications. Samples of α-chitin used in this report were obtained from Snow crab (Paralomis granulosa) and King crab (Lithodes antarcticus). These species are not commonly used in the production of chitosan, making it important to find the proper conditions for the reactions involved. After careful study of several different N-deacetylation conditions [80º, 90º, 100º, 110ºC and 30%, 50%, 60%, 70% (w/v) of sodium hydroxide solution], it was demonstrated that, in the case of these species, 110ºC was the most effective temperature under heterogeneous conditions at least for the first 10 minutes of the reaction. Also, a nitrogen environment to reduce the degradation of the polymer during the reaction was more effective than other methods proposed in the literature. Finally, use of 70% (w/v) sodium hydroxide solution let us obtain soluble products in the first minutes of the reaction without causing much degradation.
Chitin and chitosan are linear biopolymers of 2-acetamido-2-deoxy-β-D-glucosamine (GlcNAc) and 2-amino-2-deoxy-β-D-glucosamine (GlcN) units. Chitin is ubiquitous in nature, being present as a structural component in the exoskeleton of crustaceans and insects, and cell walls of lower plants (fungi and green algae) [1] . Chitosan is the deacetylated form of chitin, a biodegradable polymer soluble in acidic solutions. In nature, the only reported occurrence of chitosan is in the walls of a limited group of fungi, the Zygomycetes. Consequently, chitosan is primarily manufactured from crustaceans because a large amount of their exoskeleton is available as a by-product of the seafood processing industry worldwide.
Several ways have been proposed in the literature to deacetylate chitin so as to produce chitosan [2] [3] [4] [5] . The chemical route remains the optimal method, even when the enzymatic process has shown good efficiency, since its use is restricted to a laboratory scale. This is due to the high cost of extraction and the low productivity of chitin deacetylases, as well as the fact that they only can act on amorphous and lowmolecular weight chitin [6] .
In the case of chemical deacetylation, two main methods are proposed in the literature involving either heterogeneous or homogeneous conditions. Chitosans produced by N-deacetylation of chitin under heterogeneous conditions show a regular distribution of GlcNAc blocks, while the ones prepared under homogeneous conditions are random (Bernoulli) type copolymers of GlcNAc and GlcN [3] . However, deacetylation of chitin under heterogeneous conditions remains the most widely used method at present to achieve an effective reaction. Under these conditions, N-deacetylation takes place preferentially in the amorphous region of chitin and then proceeds from the edge to the inside of the crystalline region [7] .
Although the chemical thermoalkaline process to produce chitosan from chitin has been known for almost 70 years, the fundamental aspects of this reaction and its effects on the physicochemical properties of the polymers obtained are still the subject of intensive research [8, 9] .
Studies with crustacean wastes have demonstrated that specific properties of these polymers, such as molecular weight ( Mv ) and degree of deacetylation (D D ), vary with different reaction conditions, such as type and strength of alkali solutions, reaction temperature and atmospheric conditions [10] .
Functional properties depend on the Mv and D D of the chitinous materials used. Consequently, it is necessary to control the different parameters which influence the characteristics of chitosan in order to produce it according to the requirements of companies. Indeed, the optimal conditions to obtain chitosan for specific applications need to be studied for the different biological sources. For the crab species that are the subject of this study, no information is available.
Despite several attempts, N-acetyl groups cannot be removed by alkaline reagents without inducing hydrolysis of the polysaccharide backbone. The use of water miscible organic solvents, intermittent water washing during reaction or the addition of thiophenol or sodium borohydride to the reaction mixture have been tested to reduce the extent of chain cleavage [11] [12] [13] .
The objectives of this report were to explore the effect of reaction time, temperature and alkali conditions on D D and Mv of the resulting chitosans during heterogeneous deacetylation and to establish the conditions to obtain the desired products. After evaluating several different deacetylation conditions, it has been possible to produce chitosans with wellcontrolled characteristics.
Characterization of the initial chitins.
The parameters which define the two types of initial chitins used in this report are shown in Table 1 . The values of D A given in Table 1 correspond with C/N determination by elemental analysis (macroanalysis). This method presents excellent agreement with 13 C CP-MAS NMR determinations, as shown in Figure 1 . Influence of the temperature of reaction. By using elemental analysis (macroanalysis) and spectrophotometric methods for determination of the D D of the samples at the different stages of the reaction, the process of N-deacetylation can be monitored. In Figure 2 , the values for the deacetylation degrees with time during the first two hours of reaction are plotted. follows pseudo-first order kinetics [19] . The efficiency of the N-deacetylation during the second domain is lower, because the D D does not increase with time. If the graphics of the chitosans at every temperature are compared, it can be observed that at the beginning of the reaction at 110ºC, the rate of the N-deacetylation reaction is much higher than that at the other temperatures. That is to say that 110ºC is the most effective of those tested. Considering the N-deacetylation reaction in Figure 3 , the apparent rate constant (k´) is defined as described in equations:
In Table 2 , the k´ values calculated in the first domain (up to 10 minutes) at the temperatures evaluated are shown. It can be observed that the k´ value for 110ºC is higher than for the rest. where DD t is the deacetylation degree of the sample taken at time t of the reaction, and DD 0 is the deacetylation degree of the sample at the initial time.
In Table 3 , the R DD values for both domains defined at all the evaluated temperatures are shown.
As for the k´ values in Table 2 , at 110ºC the deacetylation rate for the first domain (R DD, ≤10 min. ) is higher compared with the rest of the temperatures, which show a very similar value. However, for the second domain (R DD, >10 min. ), the value for 110ºC is the lowest. This last point could be explained by the fact that the number of remaining acetylated groups decreases with time and the molecules of sodium hydroxide have less chances of reacting and thus the rate of reaction decreases. These results explain why it is so difficult to achieve D D values higher than 90% under heterogeneous conditions without causing substantial polymer degradation.
The activation energy (Ea) and preexponential factor (A) were determined from the temperature dependence of the apparent rate constants (k´) given in Table 2 according to the Arrhenius equation:
Activation energy was estimated to be 33.45 kJ/mol and the A value was 2.23 *10 -2 min -1 .
Lamarque et al [9] reported similar activation energies in the deacetylation of α-chitin from shrimp shells and of β-chitin from squid (39. 9 [20] found Ea values of 56 and 41 kJ/mol, for α and β-chitins, respectively.
The factor A represents the frequency of collisions between two molecules in the proper orientation necessary for reaction. It is possible therefore to connect A to the average number of acetylated sites accessible by the alkaline solution with respect to all the acetylated sites contained in the starting chitin.
In the presence of alkali, polysaccharide chains were found to undergo degradation by β-oxidation because of the high concentration of reagents and prolonged reaction times required to obtain complete deacetylation [21] . That means that during alkali treatment both deacetylation and degradation reactions occur simultaneously. In our case, the effect of oxidative degradation was reduced by working under nitrogen gas. Taking into account the intrinsic viscosity values [η] measured for the soluble samples (in the solvent 0.1M HOAc-0.2M NaCl) at each temperature, the molecular weight average ( Mv ) with time is plotted in Figure 4 .
The molecular degradation (molecular weight reduction) could be described by pseudo-first order kinetics [22] . In our case, it is impossible to confirm this because the samples taken at initial times were insoluble in the solvent used to measure intrinsic viscosity. However, it is possible to define the degradation rate (R Mv ) as the percentage decrease in Mv per minute during alkali reaction. It can be expressed by the equation:
In Table 4 , the values for degradation rates are shown for all the temperatures tested. It is observed that the degradation rates increase with the temperature. The higher values correspond to the highest temperature (110ºC), but the rest of them have a lower and similar value. Consequently, it would be recommended to use 110ºC only during the first stages of the Ndeacetylation process to avoid high degradation of the polymer.
By comparing these results with the values of Mv published by Tolaimate et al. [23] for equivalent times of reaction, it can be observed that degradation is reduced in this case. Consequently, reducing degradation of the polymer is more effective by using a N 2 (g) atmosphere rather than by using intermittent washing during N-deacetylation.
Influence of the alkali concentration. Figure 5 plots the progressive increase of D D with time using 30%, 50%, 60% and 70% (w/v) NaOH solutions for the 5 h of reaction. NaOH solutions of varying concentrations were prepared by diluting the 70% (w/v) one. Again, two domains in the cases of 60% and 70% (w/v) are observed in Figure 5 , the first one up to 10 minutes and the second one from this time to the end of the reaction. This fact confirms that for both concentrations of sodium hydroxide, the reactions follow, as before, a pseudo-first order kinetics. The D D levels off after 10 minutes of reaction and does not increase with time. However, in the kinetics for 30% and 50% (w/v) sodium hydroxide, their behaviour changes. For 30%, the D D does not vary with time over 5 h and it remains at 20% of deacetylation. The concentration of NaOH in this case is much lower than the one required for a proper deacetylation. If the concentration of alkali is too low, the resulting product will be insoluble in weak acid.
In the case of the 50% solution, two domains are observed, but the critical time (ct) where the slope of the curve changes is higher than in the case of 60% and 70% solutions (arrows in Figure 5 ). That means that 3 h of reaction are required in this case for the D D to level off. Consequently, this concentration is less effective than 60% and 70% solutions. The efficiency of 70% (w/v) as the key NaOH concentration is now proved.
To confirm this, the kinetic parameters for all the cases should be observed. In Table 5 , the apparent rate constants (k´) are shown. It can be seen that the apparent rate constants increase with the concentration of alkali. Moreover, the k´ values found are much lower than the ones obtained when evaluating the influence of the temperature (Table 2) , except for the case of 70% (w/v) where the reaction conditions are the same. This result shows that temperature has a dramatic influence on the rate of reaction compared with the NaOH concentration [20] .
In Table 6 , the values for R DD for the first and second domains are shown. In the case of 50%, the critical time (ct) when the slope of the curve changes is 180 minutes, differing from the 10 minutes for the 60% and 70% solutions (arrows in Figure 5 ). As in the case of the apparent rate constants (Table 5 ), the deacetylation rates increase with the concentration of sodium hydroxide. In the first domain of the curves (R DD, ≤ ct ), the values are very different depending on the concentration used, with 70% being the most effective of all. However, for the second domain (R DD, >ct ), the deacetylation rates change and do not show a clear tendency.
When comparing these values with the ones obtained in Table 3 , the value for 70% is similar to the one obtained for 110ºC. This fact can be explained taking into account that the experimental conditions in both cases are the same.
The results show that the concentration of alkali influences the degree of N-deacetylation and the Ndeacetylation rate constant. This could be due to the fact that heterogeneous N-deacetylation might be controlled by the reaction conditions and the diffusion effects [19] . Either the reaction occurs on the solid surface or the diffusion of the reactant from bulk fluid to the solid surface may influence the rate of heterogeneous reactions.
The diffusion rate of NaOH from alkaline solution to either the surface or the inside of chitin particles would be related to the concentration of alkali. At the same solution-to-chitin ratio and temperature, the N-deacetylation rate constant increases with the NaOH concentration.
As before, during alkali treatment degradation reactions were produced simultaneously. However, when using low concentrations of NaOH solution, the samples were insoluble in the solvent used to measure the intrinsic viscosity (0.1M HOAc-0.2M NaCl). Only the samples extracted after 1 hour in the case of 60% and after 30 minutes in the case of 70% were soluble (results not plotted).
Experimental

Raw materials and chemical reagents:
Samples of α-chitin were kindly donated by IDEBIO S.L (Salamanca, Spain) and were obtained from Snow crab (Paralomis granulosa) and King crab (Lithodes antarcticus). Both crustaceans were captured in Tierra de Fuego (Chilean coast) and they are related species with similar properties. Both chitins were purified under the same conditions of demineralization [with 2N HCl (1:10) for 2.5 h] and deproteinization (with NaOH 15% (w/v) (1:10) at 65ºC for 3 h); both have a particle size ≤ 1 mm. NaOH solution at 70% (w/v) and the other chemicals were of analytical grade from Panreac (Barcelona, Spain). Doubly distilled water was used throughout.
Characterization of starting materials:
The degree of acetylation (D A =100-D D ) was calculated from the C/N ratio determined by elemental analysis (macroanalysis) and by solid-state 13 C CP/MAS NMR spectroscopy. The C/N ratio varies from 5.145 for completely N-deacetylated chitosan to 6.861 for chitin fully N-acetylated. The D A was calculated according to the equation (1) [14] : A ( 5.145) D 100 (6.861 5.145)
Ash and moisture contents were determined by gravimetric measurements according to the American Society for Testing and Materials [15] . The samples were weighed before and after combustion in an oven at 800ºC for 7 h in the first case, and before and after being dried in a vacuum oven at 105ºC and 0.8 bar in the case of measuring moisture. The protein contents were estimated allowing for the composition and stoichiometric N for chitin with the equation (2):
where Nt is the percentage of nitrogen in the sample, K is the result of the addition of the ash, lipids and moisture percentages, and Cp and Cq are the conversion factors for the weight of nitrogen related to the proteins and the chitin respectively. Cp is conventionally 6.25 and Cq is calculated by the equation (3):
where GlcNAc and GlcN are the molecular weights of both monomers, respectively and Fa is the molar fraction of the N-acetylated residues in the chain of chitin/chitosan. Pigments, mainly astaxanthin (3,3´-dihydroxy-β,βcarotene-4,4´-dione) were measured following a modified method of the one proposed by Meyers and Bligh [16] . Total carotenoids were extracted with a mixture of ether:acetone:water (15:75:10 v/v/v) at room temperature and under N 2 (g) atmosphere.
After that, it was necessary to remove the aqueous phase by adding diethylether (150 mL) to the mixture and shaking it in a separatory funnel. The volume of the final extract was measured and the total carotenoid content was estimated by the following equation (4): g of astaxanthin A V = g of chitin 100 G D E × × × × (9) where A is the absorbance measured in a UV/VIS spectrophotometer at 467 nm, V is the total volume collected, G is the initial weight of chitin, D is the cell width and E the coefficient of molar extinction for astaxanthin in ether.
N-deacetylation of chitin:
The parameters tested were 80º, 90º, 100º and 110ºC for the reaction temperature and 30%, 50%, 60% and 70% (w/v) for the NaOH concentration. The influence of the reaction temperature was evaluated using chitins from Snow crab (Paralomis granulosa), which were treated with NaOH solution 70% (w/v) in a ratio solid:alkali (1:10) at the corresponding temperature for 8 h. The reaction was conducted in a 5 L Duran glass batch reactor fitted with a heating jacket under a N 2 atmosphere (to avoid peeling degradation by β-oxidation) and with continuous stirring at controlled speed. Samples were taken at 2, 4, 6, 8, 10, 15, 30, 45, 60, 120, 180, 240, 300, 360, 420 and 480 min using a stainless steel cylindrical cup fitted with a strainer at its bottom. The precipitates were washed several times with water until pH 7 and filtered using a Büchner funnel and Whatman Nº. 114 filter paper. When evaluating the influence of alkali concentration, chitins from King crab (Lithodes antarcticus) were used and treated with the corresponding concentration of NaOH, in a ratio solid:alkali (1:10), at 110ºC for 5 h. Samples were taken at the same times until 300 min and treated as mentioned above.
Characterization of the properties of samples during the reaction:
When samples were insoluble, their D D was measured by elemental analysis, as mentioned before. When the extracted samples were soluble, the D D was measured by a first derivative UVspectrophotometric method proposed by Muzzarelli [17] . The intrinsic viscosity values were measured in a Ubbelohde viscometer (purchased from Schött-Gerate, Germany) at 25ºC in 0.1M acetic acid (HOAc)-0.2M sodium chloride (NaCl) as solvent (constants a = 0.93 and k = 1.81⋅10 -3 cm 3 /g) [18] .
Statistical analysis:
The data were analyzed using the statistical program (SPSS ver12). Analysis of variance (ANOVA) was used to determine the effect of the reaction conditions on the physicochemical characteristics of the final product. The independent variables were the concentration of the chemicals, time of reaction and the temperature of reaction. The dependent variables were the degree of deacetylation and the molecular weight of the samples. These chitosans differed significantly in their D D and Mv (P<0.05).
Conclusion
After working under different deacetylation conditions with chitins from Snow crab (Paralomis granulosa) and King crab (Lithodes antarcticus), it was demonstrated that for these species 110ºC is the most effective temperature under heterogeneous conditions, at least for the first 10 minutes of reaction, and 70% (w/v) NaOH solution gives soluble product in the first minutes of reaction without causing much chain degradation.
These experiments give the best conditions to prepare chitosan from chitins of P. granulosa and L. antarcticus in order to make them suitable for their final applications.
